Background: Information collected at baseline can be useful in predicting patient outcome after head injury. The appearance of the CT brain scan may add useful baseline information. The aim of this study was to evaluate which features on the admission CT scan might add significantly to other baseline clinical information for predicting survival in patients with head injury. Methods: Baseline CT scans were reviewed for patients with all grades of traumatic head injury in a head injury registry, in which baseline demographic and injury status and outcome at 1 year were recorded. Details from the CT scan on haemorrhage, brain swelling, and focal or diffuse damage were noted blind to clinical or outcome information and the scans classified according to the simple seven point grading (normal, mild, moderate, or severe focal injury, mild, moderate, or severe diffuse injury). An existing CT scoring system, the trauma coma databank (TCDB) classification, was also used. Logistic regression modelling was used to test the value of the CT appearance, in addition to the other baseline clinical characteristics, in predicting survival at 1 year. Results: 425 CT scans were read from patients with all severities of injury. Significant independent outcome predictors were age, Glasgow coma score (GCS), pupil reaction, presence of subarachnoid blood, and the simple grading of the overall appearance of the scan (all p<0.001). The TCDB classification was not a significant predictor of outcome. Conclusion: Age, GCS, and pupil reaction were all previously shown to be significant predictors of patient survival after head injury. A further two, easy to identify, CT scan variables are independent prognostic variables, and might help to identify patients at high risk of death at the time of admission.
I
n patients with traumatic brain injury, previous studies have examined the association between abnormalities on the CT brain scan, injury severity, and outcome. [1] [2] [3] [4] Others have assessed whether the CT scan might help predict outcome, and suggested methods of classifying the scans-for example, the trauma coma databank (TCDB) classification described in 1991 by Marshall et al, 5 and three others. [6] [7] [8] Further details of the TCDB or Marshall classification were explained in several publications referring to the data set from which the classification was originally derived, 9 10 and its ability to predict death but not functional recovery was independently tested in one moderate sized study. 11 The other classifications have not been independently validated.
There are several problems with the previous classifications which limit their generalisability. Most of these classifications were derived in patients with severe head injury (GCS<8), except for one. 7 Therefore their value in the generality of patients with head injury admitted to hospital,-that is, all severities requiring admission-has not been tested. In the TCDB classification, the categorisation of mass lesions (into "evacuated" or "non-evacuated") depended on knowing what subsequently actually happened to the patient. As patient management could vary between individual neurosurgeons and centres, the focal categorisation of the TCDB classification might be difficult to apply prospectively to guide management. Most of the studies did not state who actually read the scans, or whether the observers were blinded to the clinical status at baseline or on follow up, an important methodological point if the independent prognostic value of the CT appearance were to be determined.
In a previous study of patients with head injury, we performed prognostic modelling with baseline data collected on admission to hospital to improve outcome prediction. 12 The variables which were independently predictive of 12 month outcome included age (in years at date of admission), Glasgow coma score (GCS), injury severity score (ISS), pupil score (pupil response on admission, post resuscitation) and the CT brain scan result. In this previous study, the CT scan was simply categorised according to whether or not there was a haematoma present using information obtained from the radiologist's report. There was no independent blinded review of the scans, and the classification resulted in patients with diffuse injury (but without a haematoma) being placed in the same category as those with normal scans. Despite that, modelling showed that the CT appearance was an important predictor of survival over and above the clinical baseline characteristics, in that the presence of any haematoma was predictive of a worse outcome. However, as well as not differentiating between normal scans and scans with diffuse brain swelling, this classification did not take account of the size of the haematoma, its position, or its type (contusion, focal parenchymal, subdural, or extradural). In addition, as the CT categorisation used data extracted from the radiologist's report (by any of many radiologists), or the neurosurgical notes, the CT reader was not "blind" or "expert", or even consistent.
We therefore undertook the present study to investigate precisely which features on admission CT might add significantly to baseline admission information in predicting survival, to improve the previously validated clinical prognostic model, 12 and test the TCDB classification. 5 We also undertook a systematic literature search to identify any other schemes for classifying CT of patients with head injury. Abbreviations: EDH, extradural haematoma; SDH, subdural haematoma; SAH, subarachnoid haemorrhage; GCS, Glasgow coma score; GOS, Glasgow outcome score; TCDB; trauma coma databank; ISS, injury severity score centre from 1 January 1989 until 16 July 1996, comprised the head injury registry data base. For these patients, we attempted to retrieve all baseline admission CT scans from the regional hospitals' radiology departments.
METHODS

Patient identification and data preparation
A consultant neuroradiologist read the retrieved CT scans blind to all clinical information, and noted (table 1) the time of the scan; the number, site, and size of any lesions (extradural haematoma (EDH), subdural haematoma (SDH), subarachnoid haemorrhage (SAH), parenchymal contusions, white matter lesions (low or high density), basal ganglia lesions); the presence of a depressed fracture or intracranial air; the presence and amount of any midline shift; whether the ventricles and basal cisterns were compressed, dilated, or normal; the TCDB classification; and finally a simple code to describe the overall appearance of the scan. This code included the following options (table 1): normal appearance; mild focal lesion (for example, small contusion in one area of brain only but the rest of the brain normal); medium focal lesion (for example, several contusions in one or two immediately adjacent areas of brain, or small EDH or small SDH but the rest of the brain normal); mild or moderate diffuse injury (several small contusions or haematomas in several non-adjacent areas of the brain but normal appearance elsewhere); massive focal injury (for example, large EDH or SDH or massive contusions or parenchymal haematoma in one area of the brain); or massive diffuse injury (severe generalised swelling of the brain or many contusions or haematomas in multiple areas). If a follow up scan had been done, and any changes on it were also noted-for example, evidence of evacuation of a mass lesion. Survival at 1 year 12 was used as the clinical outcome measure in the present study, classified according to the Glasgow outcome scale (GOS), where 1=dead, 2=permanent vegetative state, 3=severely disabled, 4=moderately disabled, 5=independent.
Data analyses
We extracted the baseline demographic details of the patients whose scans had been retrieved and reread from the original head injury database. 12 To assess the generalisiblity of our results we compared the demographics of patients whose CT had been found with those of the patients whose CT could not be found using χ 2 analysis for categorical variables, or two sample t tests for continuous variables, to test for any systematic bias. χ 2 tests were used to investigate any associations between grade of injury or GCS total score on admission with each of the extra features on the reread CT scans. Grade of injury was categorised as severely injured (defined as GCS 3-8 plus individual component contributions of eye score equal to 1, motor score at most 5, and verbal score at most 2) and minor or moderate injuries (defined as GCS 13-15 and GCS 9-12 or GCS 8 if eye score was>1, motor score>5, and verbal score>2). The GCS was divided into four groups, as is standard practice; GCS 3-5, 6-8, 9-12, and 13-15.
Logistic regression modelling was used to assess the prognostic significance of the features on the reread CT scans and clinical variables. Candidate predictors in the model included baseline demographic variables (age, ISS, GCS, pupil reaction, cause of injury, sex, alcohol status) and simple CT features (haematoma or no haematoma on CT according to the modified Marshall CT classification as recorded in the original head injury database 5 ), as well as the additional features available from the reread CT scan. Each variable was initially fitted in a univariate model to screen for prognostic importance, and to decide on the functional form of the relation. Multivariate logistic regression modelling was subsequently used to investigate which of these variables independently predicted survival at 12 months. Standard procedures were used to assess global goodness of fit for final models. 13 
Systematic literature search
We searched MEDLINE and EMBASE from 1966 and 1980 respectively to August 1999 for studies of the classification and association of CT appearance after acute head injury with clinical outcome. We used search terms: (1) computer assisted tomography/or CT; (2) 1 and classification. mp (mp = title, abstract, heading word, trade name, manufacturer's name); (3) 2 and (head injury or brain injury or traumatic head injury or traumatic brain injury). mp; (4) limit 3 to English; (5) 3 and outcome. mp; (6) limit 5 to English language. We also checked references in identified papers. Relevant papers were examined by two people and data extracted on the sample size, year of study, CT variables sought, blinding to clinical baseline variables, outcome measure and timing and result of any analysis on the association of CT with outcome, and whether there had been any validation of any scoring system used to read the CT scan. Studies where the sample size was less than 100 were excluded as these would have limited power to identify valid independent prognostic variables.
RESULTS
A total of 1131 patients were on the head injury database with complete outcome and demographic information, of which 425 of the original baseline CT scans were found and reread blind by the expert neuroradiologist. Most patients were scanned on the day of injury (median time to CT zero days).
Patients whose scans were retrieved were different from those whose scans could not be found. Those whose scans were reread tended to be more severely injured (57% as opposed to 35% had severe grade head injuries, p<0.001) with lower GCS (p<0.001), higher ISS (p=0.036), and poorer pupil scores on admission (p<0.001). A greater proportion had haematomas according to the original radiologists' reports (55% v 38%). There were fewer independent survivors (GOS 5) at 12 months in the reread group (39%) compared with the group not found for rereading (43%; p=0.04). However there was no significant difference between the two groups in either total survival at 12 months or in the proportion of poor outcomes (GOS 4-5 v GOS 1-3). Also there were no significant differences between the two groups for age (mean 37 years (SD 20)), cause of injury (road accident 43%), sex (where a 3:1 male: female ratio was found in the two groups), whether or not alcohol had been consumed, as well as whether or not the patient had taken any drugs (medicinal or recreational).
Relation between the appearance of the CT scan and injury at baseline Table 1 summarises the features visible on the 425 reread CT scans. The association between the CT features and GCS (categorised as GCS 3-5, GCS 6-8, GCS 9-12, and GCS 13-15) was very similar to the association of CT features with grade of injury and therefore the detailed results are reported for GCS only (table 2) . Patients with an SDH or SAH, or midline shift, and an abnormal third ventricle had significantly lower GCS scores (and were more severely injured). The TCDB classification was considered as a full six category variable, as well as a more simple focal or diffuse categorisation. The "overall CT appearance" was also considered as a full categorisation (normal; mild focal; mild/moderate diffuse plus minor focal+diffuse; massive focal (assuming some diffuse also) and massive diffuse±focal), as well as a simplified normal/mild/massive and simple normal/abnormal categorisations. All were significantly associated with GCS: a focal or the more severe diffuse injuries (diffuse II, III, and IV) for the TCDB classification; and the mild/moderate diffuse, or massive focal and massive diffuse for the "overall CT appearance" had significantly lower GCS scores. The presence of an EDH was not associated with GCS total or the severity of injury on admission.
Relation between the appearance of the baseline CT scan and clinical outcome: univariate analysis There were 20 of the 425 patients whose GOS was not recorded, or were lost to follow up at 12 months, of whom nine did have a 24 month outcome recorded and therefore their 12 month survival status could be inferred, resulting in 414 reread patients available for the regression analysis. Survival or death are the only outcomes for which this back projection method can be applied, as for all other states (grades of disability) patients could change between time points.
In the univariate analyses, age, total GCS on admission, and ISS were significant prognostic variables. Both total GCS on admission and ISS were linearly related to outcome (linearly increasing trend for GCS, and a linearly decreasing trend for ISS). Age was modelled as a covariate (zero up to age 50, then equal to age minus 50 thereafter) as in the previously validated model. 12 Significant positive associations were found between survival at 12 months and pupil score; the presence of an EDH; and focal versus diffuse injury on the TCDB classification. Negative associations were found with grade of injury (classified as severe or minor/moderate); whether or not the patient had been receiving medication; the presence of an SDH or SAH; midline shift; abnormal third ventricle; diffuse categories III and IV v a focal injury on the TCDB classification; and "overall appearance" of the scan (normal/ mild/moderate versus massive focal or massive diffuse injury).
The patients' sex, alcohol status, cause of injury, and modified Marshall CT classification (haematoma versus no haematoma, previously extracted from the radiologist's report) were not significant prognostic factors for survival at 12 months in the univariate analysis.
Multivariate analysis to identify prognostic variables
A multivariate model was then constructed to determine what factors independently predicted whether the patients would survive to 12 months after injury. This model took account of the results of the univariate analyses as well as important biological considerations to keep the model as simple yet as effective to use in clinical practice as possible. 12 Patients with missing values for any of the variables considered were omitted from this analysis (391 of the potential 425 reread patients were therefore available). The contribution to the reduction in deviance of each variable added sequentially to a model containing other independently significant predictors was assessed and a decision of whether to retain that variable in the model made on this basis, as well as its individual p value. Age, the admission total GCS, and pupil reaction were rarely missing and remained as independent variables in the model. Each of the variables from the reread CT scan were then considered to determine what they could add to this model.
The final best predictive model included age, GCS, pupil reaction, the presence of subarachnoid blood, and the "overall appearance" of the CT scan. The odds ratios (and associated 95% confidence intervals (95% CIs)) for predicting survival at 12 months for each significant prognostic variable are summarised in table 3. These were significant independent positive associations between survival and GCS and pupil reaction; and significant negative associations between survival and increasing age, the presence of subarachnoid blood, and the "overall appearance" of the CT scan (as massive focal or diffuse injury v normal/mild/moderate injury).
Systematic literature search
The systematic literature search of EMBASE 1980-99 identified 72 references on CT, classification, and head injury (52 English language) and 19 references on CT, classification, head injury, and outcome (13 English language): the corresponding figures for MEDLINE were 26 (17) and nine (5). Of these, four publications (of n>100) described a novel CT feature recognition or classification [5] [6] [7] [8] and two described further details of the TCDB classification (table 4) . 9 10 There were nine other publications but they either had sample size less than 100, 3 14-16 or made no reference to long term outcome, 17 or were concerned with only one feature of trauma, 2 or considered only patients with very mild head injury, 18 or was a duplicate publication, 19 or had mixed clinical and CT variables in one classification, 1 and were therefore excluded. The four studies included had a mean sample size of 418, none stated whether the CT readers were blind to the clinical data, only two used multivariate analyses to correct for association between CT appearance and clinical baseline variables (to test the independent predictive value of CT), and none of the individual classifications described have been validated in a relevant, independent data set. All the included studies only contained patients with an admission GCS of 8 or less, and therefore are not applicable to the broader range of patients with head injury admitted to hospital. For example, although the patients for whom we were able to find and reread the CT scans for the present study were more severely injured than the generality of the patients in our head injury database, there were still 38% with CGS 9-15 (compared with 43% of the whole head injury database). Thus our "overall appearance" classification is applicable to all patients with head injury admitted to hospital, not just those of GCS of 8 or less.
DISCUSSION
We have determined that three easy to identify clinical variables (age, GCS, and pupil reaction) and two easy to identify CT scan variables (presence of SAH and the "overall appearance" of the scan) are independent prognostic variables for survival after head injury. These variables are all readily identifiable at the time of admission allowing an immediate assessment of prognosis to be made. Although abnormalities tend to become more visible on CT if the scan is delayed until a day or more after injury, clinical practice demands information on which to base management decisions immediately. The present study is the first validation of the TCDB classification in an independent data set in which half the patients were GCS of 8 or less. Although CT features are independently predictive of outcome, the TCDB classification does not capture the predictive information in our study population as closely as the simple classification derived in the present paper. This may be because the TCDB classification was originally devised in severely injured patients only (and therefore does not work on moderate or mildly injured patients) or because it required knowledge of what happened to the patient subsequently (for example, evacuation of a haematoma) so was retrospectively rather than prospectively applied. When applied prospectively (as it is necessary to do in acute clinical practice) as we have, it does not work.
Although attempts were made to obtain all scans, less than 50% were traced. This is not surprising as the patients with head injury came through six different hospital x ray departments up to 7 years before the present study and moved both within and between departments and hospitals in the course of their care. Often the patient's name was unknown at the time of first scan ("unknown male") leading to a large proportion of scans which could not be identified retrospectively with sufficient reliability to be included. The more seriously affected patients ended up in intensive care and so were perhaps a more captive patient population and therefore the admission scans for these more severely injured patients were more likely to be retrieved. Thus the patients for whom we were able to find and reread the scans had significantly more severe grade head injuries, more visible haematomas, and less patients in this group had two reactive pupils on admission to hospital compared with those patients whose scans were unobtainable for rereading. There were, however, no significant differences in their age, sex, cause of accident, whether or not they had consumed alcohol or drugs, or in their survival at 12 months or the proportion of poor outcomes.
We have shown that an SDH or SAH, midline shift, abnormal third ventricle, TCDB classification, and a description of the "overall appearance" of the scan were associated with the admission GCS. Thus it would be possible to identify these more severely injured patients with worse prognosis by noting these easy to identify features on the CT, and target their management accordingly. The presence of EDH, midline shift, and a TCDB classification simplified to focal or diffuse were not significantly associated with injury severity, however.
In a univariate analysis, significant associations suggested that patients would have improved chances of survival at 12 Studies from the same data set as Marshall 5 are not included; baseline clinical score for entry into all studies was GCS <8.
months if they were younger, had higher GCS, lower ISS, and at least one reactive pupil, (further improved if both pupils are reacting) on admission to hospital. Injury severity, classified as severe or minor/moderate, was also a significant predictor where patients with severe head injury were more likely to have a poorer outcome (odds ratio (OR) 0.32 95% CI 0.18 to 0.55). However, ISS was not considered at the multivariate stage as it was confounded by total GCS total on admission. Modelling CT diagnosis by a modified Marshall classification (categorising each patient as having a haematoma or not) was not a significant univariate predictor of survival, but was still considered at the multivariate stage due to its importance as the only available CT variable in the previously validated model. 12 There was a trend towards improved survival in patients with "no haematoma" (OR 1.31, 95% CI 0.80 to 2.13) corroborating the previously validated model in a similar group of patients. 12 In addition to these clinical variables, we have investigated which extra features from a CT scan might be helpful in predicting survival after traumatic head injury. We have shown that modelling CT diagnosis by TCDB classification (categorising each patient as having either a focal injury, or four categories of diffuse injury) was a significant predictor in the univarate analysis of survival at 12 months, whether as the full categorisation (diffuse I-IV compared with a focal injury), or as a focal versus diffuse classification. The results of this particular univariate analysis were interesting in that it suggests that those patients with a diffuse injury I or diffuse injury II will do better at 12 months after injury than those with a focal injury, (ORs 4.89 and 3.20 respectively; corresponding 95% CIs 1.65 to 14.47 and 1.66 to 6.15). Patients with diffuse injury IV were significantly worse off (OR 0.34, 95% CI 0.12 to 0.95) with a similar, but non-significant effect if they were diffuse injury III, (OR 0.93, 95% CI 0.48, 1.78). Reducing this variable to two categories in the univariate analysis, focal or diffuse injury, we found a positive significant association between survival and diffuse injury for this group of patients, as compared with focal injury, whether evacuated or not (OR 1.88, 95% CI 1.15 to 3.06). However, the TCDB classification did not remain a significant independent outcome predictor in the multivariate model once clinical features were included.
The presence of subarachnoid blood and the new suggested classification of the "overall appearance" of the scan seems to give a simpler and more intuitive feel of what might be occurring in that there is a clearer separation of types of injury in the regression analysis as well as allowing a "normal" scan option. No significant difference was found for survival at 12 months if the abnormality on CT scan was "mild focal", "medium focal", or "mild/moderate diffuse" compared with a "normal" scan so these four categories were merged, resulting in significant negative associations between this new reference category and massive focal injury (assuming some diffuse), and massive diffuse injury (assuming some focal) (OR 0.30 and 0.14 respectively, with corresponding 95% CIs 0.17 to 0.53 and 0.07 to 0.27). This suggests that there is little point in worrying about recognising minor or subtle abnormalities on the scan in terms of outcome prediction as these are not predictive of poor outcome over and above the basic clinical state of the patient. Obviously, recognition of surgically remediable abnormalities such as extradural or subdural haematomas is important for acute patient management. Recognition of massive diffuse or focal injury does indicate a worse prognosis than would have been predicted by the clinical features alone and should alert the medical staff (as known intuitively) to the likelihood of very poor outcome.
Final models in a multivariate regression analysis show similar significant baseline clinical predictors for this group of reread patients, with the same direction of effect on survival, as for the previously validated predictive model. 12 We have therefore confirmed that age, admission GCS, and pupil reaction are all independent significant predictors of survival, and
shown that a new "overall appearance" variable from the CT scan, is independently significant over and above these baseline factors in predicting survival, together with the presence of subarachnoid blood.
It would seem that this new assessment of a scan would be indicative of survival at 12 months, and although the interobserver variability of reading the CT scans remains to be tested, this classification system would be simple and easy to apply in routine practice. It highlights specific features which admitting doctors should seek on the admission CT. It could be added to the prognostic nomogram derived in previous study 12 and therefore used to triage patients effectively.
